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We present the production of dual-species Bose-Einstein condensates of 39K and 87Rb. Prepara-
tion of both species in the |F = 1,mF = −1〉 state enabled us to exploit a total of three Feshbach
resonances which allows for simultaneous Feshbach tuning of the 39K intraspecies and the 39K-87Rb
interspecies scattering length. Thus dual-species Bose-Einstein condensates were produced by sym-
pathetic cooling of 39K with 87Rb. A dark spontaneous force optical trap was used for 87Rb, to
reduce the losses in 39K due to light-assisted collisions in the optical trapping phase, which can
be of benefit for other dual-species experiments. The tunability of the scattering length was used
to perform precision spectroscopy of the interspecies Feshbach resonance located at 117.56(2) G
and to determine the width of the resonance to 1.21(5) G by rethermalization measurements. The
transition region from miscible to immiscible dual-species condensates was investigated and the in-
terspecies background scattering length was determined to 28.5 a0 using an empirical model. This
paves the way for dual-species experiments with 39K and 87Rb BECs ranging from molecular physics
to precision metrology.
I. INTRODUCTION
Within the past decade, research on ultracold atoms
has moved from the investigation of their fundamen-
tal properties to the application of ultracold samples in
quantum simulation and precision metrology. The ability
to tailor external potentials freely and to manipulate the
interaction strength within the samples has led to numer-
ous advances in the field. In particular mixed quantum
gases have attracted considerable interest, since they of-
fer a wealth of research opportunities. These include the
creation of deeply bound dipolar molecules [1], the in-
vestigation of few-particle physics [2, 3], the observation
of quantum phases in optical lattices [4] and precision
measurements [5].
Such mixed quantum gasses can generally be realized
by using a single atomic species in multiple quantum
states, by using multiple isotopes of the same species, or
by using different atomic species. Thus it is possible to
realize Bose-Fermi, Bose-Bose or Fermi-Fermi mixtures.
Since cooling techniques to achieve ultracold tempera-
tures have become available for an increasing number of
atomic species, this leads to a considerable number of
possible mixtures. Depending on the experimental re-
quirements different mixtures may be optimal, e.g. only
some mixtures lend themselves to the production of dipo-
lar ground state molecules due to their chemical stability.
In particular, dual-species Bose-Einstein condensates
have to date been studied by investigating 87Rb-41K [6,
7], 87Rb-133Cs [8, 9], 23Na-87Rb [10], 87Rb-84Sr, 87Rb-
88Sr [11], and isotopic mixtures were investigated us-
ing 87Rb-85Rb [12], 168Yb-174Yb [13]. Key achieve-
ments with these mixtures have included control of
the interspecies interactions [7], the observation of het-
eronuclear Efimov resonances [14], phase separation be-
tween the components [8], the creation of deeply bound
molecules [15, 16] and the observation of heteronuclear
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FIG. 1. Intra- and interspecies scattering lengths for 39K
and 87Rb in the |F = 1,mf = −1〉 state. The intraspecies
scattering length of 39K (solid blue line) is positive between
two Feshbach resonances at 33.6 G and 162.35 G. Within this
window the interpecies scattering length can be tuned by a
Feshbach resonance at 117.56 G (red dotted line).
spin dynamics [17].
Here we describe the production of a dual-species Bose-
Einstein condensate (BEC) of 39K and 87Rb with tunable
interactions. This mixture is experimentally well acces-
sible, since 39K does not require any specialized atom
sources, as it is the most abundant potassium isotope and
the necessary Feshbach resonances are located at mod-
erate fields. However, 39K is typically not considered as
a useful constituent in dual-species experiments, since it
has a negative background scattering length. Thus mag-
netic field tuning of the scattering length is necessary to
achieve Bose-Einstein condensation of 39K and hence the
magnetic field can typically not be chosen freely to tune
the intraspecies scattering length.
This general statement is however not true when both
39K and 87Rb are in the |F = 1,mF = −1〉 state as shown
in Fig. 1. In this state combination, two intraspecies
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2Feshbach resonances [18] produce a ≈ 130 G wide mag-
netic field window where the 39K scattering length is
positive. Within this window an interspecies Feshbach
resonance at 117.56 G [19] allows the interactions be-
tween 39K and 87Rb to be tuned freely. We produce
dual-species Bose-Einstein condensates on both sides of
this Feshbach resonance by sympathetic cooling of 39K
with 87Rb in a crossed dipole trap. To demonstrate the
tunablility of the interactions we perform Feshbach spec-
troscopy with ultracold samples and investigate the tran-
sition from miscible to immiscible dual-species BECs.
This paper is structured as follows. Section II describes
the production of the dual-species BEC. This includes the
dual atom collection in section II A with particular em-
phasis on the performance of a dark spontaneous optical
force trap for 87Rb. Section II B describes the magnetic
trapping and initial sympathetic cooling of both species
while section II C details the optical trapping and state
preparation procedure. Feshbach tuning and the creation
of dual-species BECs is characterized in section II D. Fi-
nally our results on Feshbach spectroscopy and phase-
separation are provided in section III.
II. DUAL-SPECIES BOSE-EINSTEIN
CONDENSATION
The experimental apparatus employed here was previ-
ously used to realize an atom laser [20] and to perform
precision measurements [21] based on 87Rb alone. Briefly,
the collection region (see Fig. 2) consists of a large glass
cell to enable efficient loading of a magneto-optical trap
(MOT) for 39K and a dark spontaneous optical force trap
(dark-SPOT) [22] for 87Rb. The 39K and 87Rb atoms
are provided by commercial dispenser sources. In addi-
tion, light-induced atom desorption [23] is used to desorb
atoms from the surface of the glass cell.
Subsequent experiments on dual-condensates are per-
formed in a small L-shaped glass cell (science cell). The
two cells are separated by a differential pumping stage
which allows for long lifetimes of the atomic samples in
the science cell. The transport of the atoms between the
cells is realized with a movable magnetic quadrupole trap.
The science cell is designed in an L-shape to provide good
optical access from all six spatial directions.
A. Simultaneous magneto-optical trapping of 39K
and 87Rb
The simultaneous collection of 39K and 87Rb in spa-
tially overlapping magneto-optical traps poses two inter-
related problems. First of all, 39K is not particularly
well suited for laser cooling due to its small excited state
hyperfine splitting [24–26]. Thus, only relatively small
samples can be collected and special strategies have to
be employed to reach low temperatures [25]. This prob-
lem is aggravated by the interaction of the large 87Rb
samples with small 39K samples. In particular, light-
assisted collisions lead to similar atom losses from both
samples [27], which have a larger relative effect on the
small 39K samples.
We overcome these problems by using a 39K MOT
with large trapping laser beams in combination with a
dark-SPOT [22] for 87Rb as shown in Fig. 2. Due to the
dark-SPOT, 87Rb atoms at the center of the dual trap
accumulate in the |F = 1〉 state and hence light-assisted
collisions are avoided. Note that this represents a new
application of the dark-SPOT technique, which was pre-
viously used primarily to increase the phase-space density
in single species experiments [22, 28–30].
To operate the 39K MOT, a single optical fiber de-
livers 200 mW of light detuned 24 MHz below the tran-
sition from the ground state |F = 2〉 to the excited
state |F = 3′〉 and 200 mW detuned 32 MHz below the
|1〉 to |2′〉 transition. In the following, these are called
trapping and repumping light respectively, despite the
fact that their roles are not clearly distinct. This light
is split into six beams using achromatic beam splitters.
Galilean telescopes are used to magnify the beams to a
1/e2 diameter of 34 mm before intersecting in the MOT
region. These large beams allow for the efficient accumu-
lation of atoms from the background vapor. In addition,
280 mW of trapping light for 87Rb tuned 24 MHz below
the |2〉 to |3′〉 transition is delivered by this fiber.
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FIG. 2. Sketch of the collection region (horizontal plane)
including the 39K MOT and the 87Rb dark-SPOT. The
MOT beams (red) contain trapping light for both species
and repumping light for 39K. The repumping (dark red) and
depumping light (green) for 87Rb is applied separately. The
repuming light contains a dark spot of adjustable size (see
text). The glass cell (blue) and the quadrupole coils (orange)
are indicated.
As shown in Fig. 2 repumping light on the |1〉 to |2′〉
3transition and depumping light on the |2〉 to |2′〉 transi-
tion are delivered in separate fibers to realize the dark-
SPOT for 87Rb. The repumping light is first collimated
and then magnified to a beam diameter of 22 mm in a
2:1 telescope. The dark spot in the beam is realized by
placing a small opaque disk of 6 mm diameter within this
telescope. Thus the effective spot size can be varied by
translating the disk. Due to its large size this dark spot
propagates without considerable diffraction over the dis-
tance required in the experiment. To obtain a central
dark region of the trap surrounded by regions with re-
pumping light, the beam is recycled and passes the trap
for a second time in an orthogonal direction (see Fig. 2).
Additional depumping light is required in this region,
since most atoms would otherwise remain in the cooling
cycle while traversing it. Note, that this simple setup can
easily be implemented in numerous multi species experi-
ments to avoid losses due to light-assisted collisions.
The fluorescence light is collected on a photo diode to
quantify the number of atoms acquired in the MOT. We
distinguish the weak 39K signal from the large 87Rb signal
by turning off all light for the 87Rb MOT and tuning the
39K light to resonance.
Two experiments are performed to characterize the
performance of the dual-species optical trap. Figure 3
shows the 39K atom number during MOT loading under
different experimental conditions. The maximal number
of 39K atoms is obtained by loading a single species MOT.
In the presence of a bright 87Rb MOT (realized by re-
moving the opaque disk) severe losses lead to an inferior
steady state with less than half of the number of atoms
compared to the single-species case. By using the dark-
SPOT for 87Rb these losses are avoided and one obtains
almost the same number of 39K atoms as in the single
species MOT.
The size of the dark spot was optimized with respect
to both species by measuring the atom numbers after 25 s
loading time as a function of the spot size (see Fig. 3).
Thus an effective spot diameter of 12 mm was chosen. For
smaller sizes, the 87Rb atoms are not depumped properly
in the area of the 39K MOT, resulting in losses. Larger
sizes lead to a lower number of 87Rb atoms, while no
further gain of 39K atoms is obtained. Contrary to pre-
vious experiments [30], no decrease in the 87Rb loading
rate was observed for this dark spot size. Thus, up to
7 × 107 39K and 2.7 × 109 87Rb atoms can be collected.
In practice, the loading time of 39K is adjusted to ob-
tain an appropriate relative atom number for subsequent
sympathetic cooling.
After loading sufficient atoms in the dual-species opti-
cal trap, an optical molasses is applied to cool the atoms
well below the Doppler limit. A typical optical molasses
works efficiently, if the excited state hyperfine splitting
is much larger than the natural linewidth Γ, which is the
case for rubidium. In our experiments, a molasses for
87Rb atoms is realized by turning off the magnetic field
gradient and detuning the trapping light by −7 Γ for a
duration of 9 ms. For 39K, the situation is considerably
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FIG. 3. Performance of the combined 39K MOT and 87Rb
dark-SPOT. (top) Atom number in a single species 39K MOT
(blue triangles), a 39K MOT in the presence of a bright 87Rb
MOT (green diamonds) and a 39K MOT in the presence of a
87Rb dark-SPOT (dark blue circles). Simultaneous loading of
a bright 87Rb MOT leads to a clear loss of 39K atoms, while
almost no loss is visible in the dark-SPOT case. (bottom)
Atom number in the 39K MOT (dark blue circles) and the
87Rb dark-SPOT (red triangles) as a function of the dark
spot diameter.
different. Since the hyperfine splitting is on the same
order as the linewidth, a standard molasses procedure
is not efficient. However, it has been shown that sub-
Dopper cooling is possible when using a more advanced
scheme [26, 31]. For the case of 39K, this is realized as
follows: At the beginning of the molasses phase, the re-
pumping light power is abruptly lowered to 5% of its
initial value and tuned on resonance. At the same time
the trapping light is detuned to −0.5 Γ. Within the fol-
lowing 9 ms, its power is linearly ramped down by 50%
and the detuning is simultaneously increased to −2.3 Γ.
These molasses procedures are simultaneously performed
for 39K and 87Rb and obtain temperatures of 117 µK and
35 µK respectively.
To obtain efficient transfer into a magnetic potential,
it is necessary to optically pump both species to the
|2, 2〉 state. For this purpose, a homogeneous offset field
of 15 G is applied and σ+ polarized light close to the |2〉
to |2′〉 transition is applied to both atomic species for a
duration of 1 ms. Additionally, repumper light is applied
to prevent atom loss to the ground state |1〉 manifold.
The optical pumping increases the number of transferred
atoms by 50%.
4After optical pumping, both species are transferred
into a magnetic quadrupole trap. The current through
the quadrupole coils is abruptly increased to 15 A to
catch the atoms and then ramped up in 50 ms to 45 A
resulting in a gradient of 196 G/cm (always given for the
strongest, vertical direction). During this procedure the
atoms change their spatial spin orientation while main-
taining their spin state. The procedure was optimized
empirically to obtain maximal transfer with minimal ad-
ditional heating.
Finally the atoms are moved to the science cham-
ber within 1.2 s by mechanically moving the quadrupole
coils. There they are loaded into a stationary magnetic
quadrupole potential within 800 ms. This is achieved by
lowering the transport gradient while increasing the sta-
tionary coil gradient to 350 G/cm. During this transfer,
the atomic clouds move a transverse distance of 4.5 cm
into the L-shaped science cell. At this point, 2× 106 39K
and 6× 108 87Rb atoms at a temperature of 370µK are
available.
B. Magnetic trapping and evaporative cooling
The initial sympathetic cooling of 39K with 87Rb is
performed in the stationary quadrupole trap, which pro-
vides high thermalization rates [32]. Since 39K and 87Rb
have the same linear Zeeman splitting, radio frequency
transitions to untrapped mF states would remove both
39K and 87Rb atoms. Therefore, the rubidium atoms are
evaporatively cooled by using a microwave field which
transfers them from the trapped state |2, 2〉 to the un-
trapped state |1, 1〉. Due to the spatial overlap of the
two clouds, this leads to sympathetic cooling of the 39K
atoms as shown in Fig. 4 (triangles). Experimentally the
microwave frequency is ramped from ν0 + 135 MHz to
ν0 + 30 MHz within 5 s while the quadrupole gradi-
ent is simultaneously reduced to 220 G/cm. Here ν0 cor-
responds to the unperturbed transition frequency from
|1, 0〉 to |2, 0〉. At this point the evaporation is stopped,
since losses due to collisions with rubidium atoms in the
|2, 1〉 state become detrimental. This produces rether-
malized samples at a temperature of 180 µK.
Further cooling is realized in a harmonic magnetic po-
tential [33], which does not suffer from mF -changing Ma-
jorana losses, and allows for the suppression of losses
due to atoms in the |2, 1〉 state. The atoms are trans-
ferred into a Quadrupole Ioffe-Pritchard configuration
(QUIC) trap [34], by increasing the current through an
additional coil within 1.4 s. This results in a magnetic
potential with axial and radial trapping frequencies of
νa = 17.4 Hz (26 Hz) and νr = 195 Hz (291 Hz) for
87Rb
(39K) at an offset field of 1 G. After loading, we obtain
1.5×106 39K and 2×108 87Rb atoms at a temperature of
83 µK in the QUIC trap, corresponding to a phase-space
density of 4.5× 10−7 and 2.6× 10−5 respectively.
The microwave evaporative cooling is continued in the
QUIC trap for 28 s. To remove atoms accidentally trans-
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FIG. 4. Phase-space density during the sympathetic cooling
sequence as a function of the number of atoms. (top) While
the number of 87Rb atoms (red solid symbols) is reduced
to lower the temperature and raise the phase-space density,
the number of 39K atoms (blue open symbols) stays approxi-
mately constant. The joint state preparation and dipole trap
loading leads to a small loss in both species, visible as a kink
at phase-space densities around 0.5 . The symbols indicate
measurements taken in the quadrupole trap (triangles), QUIC
trap (circles) and dipole trap (diamonds). (middle) Typical
images of BECs of 39K (left) and 87Rb (right) after 15 ms and
17 ms of ballistic expansion, respectively. The images have
a size of 450 µm by 450 µm. (bottom) Column sums of the
images (blue) and bimodal fits to the thermal (red) and BEC
distribution (green).
ferred into the |2, 1〉 state, a second microwave is used,
which is resonant with the transition from |2, 1〉 to |1, 1〉
at the center of the trap. The evaporation is stopped at
a frequency of ν0+2.54 MHz. This produces samples at a
temperature of 800 nK containing 7×105 39K and 5×106
87Rb atoms, corresponding to a phase-space density of
0.24 and 0.76, respectively as shown in Fig. 4. If only
87Rb is used, further evaporation at this point allows the
production of almost pure 87Rb BECs containing about
5× 105 atoms [35].
Due to the negative background scattering length of
39K, further evaporation is performed in an optical dipole
5trap where the scattering length can be tuned using mag-
netic fields. The endpoint of the microwave evaporation
was chosen to optimize the loading efficiency of 39K by
matching its temperature to the depth of the dipole po-
tential.
C. Dipole trapping and state preparation
An optical dipole potential is required to exploit the
tunability of both the intraspecies scattering length of
39K and the interspecies scattering length of 39K and
87Rb. In particular, the negative intraspecies background
scattering length of 39K mandates tuning of the scatter-
ing length. To access the favorable combination of Fesh-
bach resonances shown in Fig. 1, it is necessary to prepare
both species in the |1,−1〉 state.
The experiments are performed in a far red-detuned,
crossed-beam dipole trap at a wavelength of 1064 nm.
This light is derived from a fiber amplifier(Nufern PSFA-
1064-50mW-50W-0 ) seeded by a narrow bandwidth
monolithic ring laser (Coherent Mephisto). The two re-
quired dipole laser beams are delivered to the experi-
ment by high-power optical fibers and the output pow-
ers are stabilized by acousto-optic modulators in servo
loops which also provide a 220 MHz frequency differ-
ence between the beams. The two beams are aligned
perpendicular to each other in the horizontal plane and
are both focused to waists of 100 µm at the location of
the atoms. This provides an attractive harmonic poten-
tial, which is largely independent of the spin state of the
atoms. At a power of 1.1 W per beam, vertical and ra-
dial trapping frequencies of νz = 139 Hz (199 Hz) and
νr = 102 Hz (142 Hz) for
87Rb (39K) are obtained.
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FIG. 5. Trap depths as a function of the dipole trap power.
The trap depths for 39K (red dashed line) and 87Rb (red solid
line) show characteristic kinks where the trap becomes shal-
lowest in the vertical direction due to gravity. The immersion
of 39K (blue dash dotted line) in 87Rb is strongly reduced
when the trap becomes weak for 87Rb and the differential
gravitational sag becomes relevant. The dotted vertical line
indicates the expected power to obtain BEC of 39K for 2×105
atoms and η = 3, where η denotes the ratio between trap
depth and temperature of the sample.
Figure 5 shows the depth of the dipole trap depend-
ing on the beam power. The waist was chosen such that
the immersion of 39K in 87Rb is sufficient to ensure ther-
malization at the point where condensation of 39K is ex-
pected to set in (vertical line). This choice places the
crossing point between the depths for 39K and 87Rb at
10 µK, allowing for efficient loading of atomic samples at
temperatures up to 1µK. Hence evaporation above 1.1 W
primarily leads to loss of the minority species 39K, con-
trary to the aim of sympathetic cooling. Below 1.1 W
sympathetic cooling of 39K with 87Rb can work effi-
ciently. If the power is decreased below 0.45 W per beam,
87Rb is not trapped anymore and pure 39K samples can
be prepared.
Experimentally, atoms are loaded into the dipole trap
as follows. First the QUIC trap is decompressed to
trap frequencies of νa = 13.5 Hz (20.2 Hz) and νr =
44.1 Hz (65.9 Hz) for 87Rb (39K) in 1.2 s, resulting in a
temperature of 400 nK. Then, the current in the trap coils
is linearly turned off over 1 s, while the power in the two
dipole beams is ramped up to 0.9 W. Thus, 4× 105 39K
atoms and 4 × 106 87Rb atoms with a temperature of
1 µK are obtained in the dipole trap, corresponding to a
phase-space density of 0.1 and 0.5 respectively (Fig. 4).
To address the Feshbach resonances shown in Fig. 1,
the atoms in both species have to be transferred from the
|2, 2〉 to the |1,−1〉 state. This is achieved in a three step
process. First, a rapid adiabatic passage transfers both
species simultaneously into the |2,−2〉 state by sweeping
a radio frequency from 6.0 MHz to 8.2 MHz in 2 ms at
a homogeneous background magnetic field of 10 G. This
is possible, since the difference in the quadratic Zeeman
splitting between 39K and 87Rb is sufficiently small. To
transfer the 87Rb atoms into the lower hyperfine state
a single resonant microwave pi-pulse with a duration of
6 µs at a field of 1.8 G is used. Finally, the 39K atoms are
transferred to the |1,−1〉 state by another rapid adiabatic
passage, implemented by sweeping the background field
from 15 G to 3.5 G while irradiating the sample with a
radio frequency of 450 MHz. The choice of technique for
each of these steps is based on the available frequency
tunability and power.
Note that it is vital to transfer rubidium to the
|1,−1〉 state first, since severe losses are observed when
the order is reversed. Figure 6 shows the lifetimes for
different state combinations in the dipole trap. When
both species are in the target state, lifetimes on the or-
der of 40 s are observed. If however only 39K is in the
|1,−1〉 state while 87Rb remains in the |2,−2〉 state a
rapid decay leads to lifetimes on the order of 20 ms. We
attribute this loss to hyperfine changing collisions, in
which a 39K and a 87Rb atom exchange spin states lead-
ing to the release of a kinetic energy corresponding to
the difference in hyperfine splitting. If the state popu-
lation is reversed, the process is energetically forbidden
and hence long lifetimes are observed. A similar process
has been observed in ultracold mixtures of 41K and 87Rb
gases [7].
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FIG. 6. Decay of 39K in the presence of 87Rb in different
state combinations in the dipole trap. When both 87Rb and
39K are transferred to the |1,−1〉 state 39K lifetimes of 40 s
are obtained. (inset) If 87Rb remains in the |2,−2〉 state,
strong losses due to hyperfine changing collisions lead to 39K
lifetimes of 20 ms.
In our experiments the duration of the state prepa-
ration process is comparable to the rapid decay time
and thus a transfer in the incorrect order leads to severe
losses. However, a transfer in the correct order yields
atom numbers and lifetimes that are sufficient for the
final evaporation steps to dual-species BEC.
D. Feshbach tuning and BEC production
The final evaporative cooling steps towards dual con-
densation require tuning of the scattering lengths by us-
ing the Feshbach resonances shown in Fig. 1. Generally
stable 39K condensates can be produced in the entire re-
gion between the two intraspecies Feshbach resonances
at 33.6 G and 162.35 G. The interspecies Feshbach reso-
nance at 117.56 G divides this region in two parts where
dual condensates of 39K and 87Rb can be created. Within
our experiments, the production of dual-species BECs in
both of these regions was feasible with minor adjustments
of the final evaporation ramp. In practice, we typically
create dual-species BECs at 142.5 G, in the center of the
region at higher field, since this provides a good starting
point for further experiments (see section III B).
We use the same coils which previously produced the
stationary quadrupole potential but now in Helmholtz
configuration to address this field. Since we require high
field stability we have implemented a battery powered
current supply based on a precision current transducer
(LEM IT200-S Ultrastab). In addition, we actively sta-
bilize the background magnetic field in the vicinity of
our experimental chamber by controlling the current in
two large compensation coils. These measures result in
magnetic field fluctuations of 5 mG determined by spec-
troscopic measurements on hyperfine transitions in 87Rb
at 117 G.
The final sympathetic cooling sequence is initiated by
raising the magnetic field to 142.5 G. Immediately af-
terwards, the evaporation is started by simultaneously
decreasing the intensity in both dipole beams. Within
16.5 s, the power per beam is decreased in 3 linear steps
from 0.9 W to 480 mW. As expected, we first observe the
condensation of 39K and shortly afterwards the conden-
sation of 87Rb. Figure 4 shows typical images of these
BECs.
The efficiency of the evaporation is characterized by
γ = − d(lnD)d(lnN) , where D is the phase-space density and N
the number of atoms. In the magnetic trap this yields an
efficiency of γ = 3.15 for the evaporation of 87Rb while
it sympathetically cools 39K. For 39K γ = 18 is obtained,
which demonstrates the efficiency of sympathetic cooling
in the absence of strong losses. The evaporation efficiency
of 87Rb is slightly lower in the dipole trap, however only a
very small part of the evaporation is carried out in these
conditions before reaching dual condensation.
At the end of each experimental run, absorption im-
ages of both species are taken after free expansion. After
release from the dipole trap, the atomic clouds expand
at the final magnetic field of that particular run for 6 ms.
Typically, the non-linear part of the expansion lies within
this time and the atomic clouds expand ballistically af-
terward. The magnetic field is then turned off, and the
field decays to a background value of 1 G within another
6 ms. To avoid effects due to this decay, the absorption
image of 39K is taken after a total time of flight of 15 ms.
The image of 87Rb is taken another 2 ms later due to the
limited readout time of the CCD camera. Both images
are taken with light resonant to the |2〉 to |3′〉 transition.
Repumping light is applied 200µs prior to the imaging
light. If we want to characterize the state composition
e.g. to evaluate the performance of state preparation,
we turn on an inhomogeneous magnetic field in the first
5 ms of the expansion. This fully separates the differ-
ent mF -components and allows for the detection of small
admixtures in other states.
III. TUNABILITY OF INTERACTIONS
A. Feshbach resonance position
Most experiments with heteronuclear mixtures rely on
precise tuning of the interspecies interaction strength.
Our experiments are performed with the Feshbach res-
onance at 117.56 G shown in Fig. 1. This resonance
was previously characterized with good precision within
a larger survey of Feshbach resonances [19]. However, the
precision of the resonance position was not sufficient for
scattering length tuning in present work and the width
of the resonance was only known from theoretical calcu-
lations. We therefore present a precise measurement of
7these quantities in the following.
magnetic field (G)
117.35 117.4 117.45 117.5 117.55 117.6 117.65
α
 
(cm
6 /s
)
10-26
10-25
FIG. 7. Three-body recombination rate near the Feshbach
resonance at 117.56 G. The dashed lines represent exponential
fits to the data on either side. A region of fast decay at the
center of the resonance was excluded.
The three body loss coefficient α was recorded for
mixed samples to measure the resonance position. The
final evaporation was carried out at 119.6 G and the evap-
oration was stopped slightly before condensation. Then
the clouds were adiabatically compressed by increasing
the power to 850 mW per beam and the field was set to its
target value and held there for a variable duration before
measuring the atom number in each species. A numeri-
cal fitting procedure was used to extract the three body
loss coefficient. Figure 7 shows these loss coefficients as a
function of the magnetic field. To determine the position
of the Feshbach resonance, we fit exponential functions to
both sides and extract a position B0 = 117.56(2) G [36].
The uncertainty of 20 mG corresponds to the excluded
region of fast decay close to the Feshbach resonance.
The width of the resonance is determined by the dis-
tance between its center and the adjacent zero crossing
of the scattering length. We have measured the posi-
tion of this zero crossing by examining the efficiency
of sympathetic cooling. Directly after the state prepa-
ration procedure, the magnetic field is set to a target
value in the vicinity of the zero crossing and evaporation
is started. This evaporation is stopped at a power of
650 mW per beam and the temperature of 39K is mea-
sured (see Fig. 8). Since primarily 87Rb is evaporatively
cooled and the sympathetic cooling fails when the inter-
species scattering length vanishes, the temperature max-
imum of 39K indicates this point. We thus obtain a width
of 1.21(5) G of the resonance, which is in agreement with
previous theoretical results [19].
This data provides us with a precise model of the Fesh-
bach resonance, required to tune the interspecies scat-
tering length in future experiment. Based on our mag-
netic field stability of 5 mG we can thus access scattering
length up to ±1000 Bohr radii, if we allow for relative
errors up to 10 %.
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FIG. 8. Temperature of 39K after sympathetic cooling with
87Rb close to the zero crossing of the interspecies scattering
length. At the crossing sympathetic cooling is ineffective and
39K remains at a higher temperature. A fit to the data yields
a field of 116.35(3) G for the position of the zero crossing [7].
B. Miscibility measurements
Dual-species mixtures with tunable interactions allow
for the investigation of the phase transition from a mis-
cible to an immiscible state. In the immiscible state the
repulsive interaction between the two components is suf-
ficiently large, such that the ground state of the system is
phase separated. This transition is characterized by the
miscibility parameter ∆ = g11g22
g212
− 1 [37] where the in-
teraction strengths are gij = 2pih¯
2aij(mi +mj)/(mimj).
The indices refer to the two species with respective
masses mi and scattering lengths aij . If this parame-
ter is negative, ∆ < 0, the mixture is immiscible while
it is miscible in the positive case ∆ > 0. The transition
between these regimes was previously observed in Bose-
Bose mixtures in different spin states [38, 39], Bose-Bose
mixtures of two isotopes of rubidium [12] and in het-
eronuclear Bose-Fermi mixtures [40, 41]. Recently, the
availability of more Bose-Bose mixtures allowing for the
creation of dual condensates has led to renewed theoret-
ical interest. This has led to models [37] including all
interactions between the condensed and thermal compo-
nents of both species.
We have characterized the transition region from mis-
cible to immiscible, to highlight the features of the 39K
and 87Rb mixtures. A precise understanding of this tran-
sition in mass imbalances mixtures is important for nu-
merous experiments utilizing the tunability of the inter-
action strength. In particular phase separation can mod-
ify effects expected due to few particle [2] or polaronic
particle [42] physics.
Dual BECs were created as described in section II D.
Subsequently the dipole trap power was ramped to 1 W in
200 ms to compress the atomic clouds. Then the field was
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FIG. 9. Shift in position of the two species after expan-
sion. (top) Both clouds are systematically displaced from the
single-species position. This displacement increases for large
interaction strengths at magnetic fields close to the Feshbach
resonance. (inset) Separation of the two clouds as a function
of the missibility parameter. An empirical linear fit to the
data allows for the determination of the background scatter-
ing length (see text). (bottom) Sample images of 39K and
87Rb (size 450 µm by 450µm) after a free evolution time of
15 ms and 17 ms respectively at a field of ≈ 118 G.
slowly ramped to a final field in the miscible or immis-
cible region within 300 ms. After a further hold time of
10 ms, the samples were imaged. In the miscible region,
density distributions according to the self similar expan-
sion of BECs from a harmonic trap were observed. How-
ever, in the strongly immiscible region, crescent shaped
distributions with 39K displaced above and 87Rb below
their initial position were observed as shown in Fig. 9.
We have evaluated these positions by determining the
shift in center-of-mass position of both species with re-
spect to their position in single species experiments. This
eliminates the shifts caused by the gravitational sag and
by releasing the clouds from slightly different magnetic
fields.
Figure 9 shows the shift in position for both species as
a function of the applied magnetic field. Close to the res-
onance, the increased repulsion between the two species
leads to significant shifts. However, these shifts cannot
be attributed to a separation of the two components in
the trap. The gravitational sag leads to a relatively large
separation and the two trapped BECs hardly overlap in
Thomas-Fermi approximation. Thus we attribute the ob-
served effect primarily to the repulsion during the time-
of-flight expansion. The full modeling of the process is
an ongoing project.
The measured separation can be used as a novel
method to determine the background scattering length
abg. For this purpose the scattering lengths in the missi-
bility parameter are substituted by their magnetic field
dependent values. We can thus plot the separation of
the two clouds versus ∆ for a trial background scattering
length abg. We then fit this data with two linear depen-
dencies for −0.5 < ∆ < 0 and ∆ > 0 and obtain abg
by minimizing the error of these fits. The resulting fit is
shown in Fig. 9 (inset) and yields a background scatter-
ing length of abg = 28.5 a0 which is comparable to the
predictions for the adjacent mF -states [19].
IV. SUMMARY
We have presented the production of a new dual-
species Bose-Einstein condensate and applied the tun-
ablility of the interspecies scattering length in two exper-
iments. The production process required a novel appli-
cation of the dark-SPOT technique, which allowed us to
considerably reduce the losses due to light-assisted col-
lisions in the magneto-optical trapping phase and may
be of benefit for other dual-species experiments. More-
over, it was shown that a particular state preparation
sequence is necessary in the dipole trap to avoid losses
due to hyperfine changing collisions in the dual-species
condensation process. Preparation of both species in the
|1, 1〉 state enabled us to exploit a total of three Fesh-
bach resonances to obtain dual-species condensates and
the ability to control the interspecies interactions.
Precise tunability of the scattering length was used to
perform precision spectroscopy of the interspecies Fesh-
bach resonance by evaluating the three-body loss coeffi-
cient. This allowed us to reduce the uncertainty on the
position of the resonance by one order of magnitude. In
addition, the width of the resonance was determined ex-
perimentally and importantly allows for precise tuning of
the scattering length.
Finally, the transition from miscible to immiscible
dual-species condensates with large mass imbalance was
investigated, showing a clear effect during ballistic ex-
pansion. We show that this signal also allows for a model
dependent determination of the interspecies background
scattering length. These experiments provide a testing
ground for theories [37] which include all interactions be-
tween the condensed and thermal components in a dual-
species condensate. Moreover, a precise understanding
of the behavior of mixed systems will be of interest for
future precision experiments such as tests of the equiva-
lence principle using 39K and 87Rb [5].
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